Physically sound models of acoustic interaction with the ocean floor including penetration, reflection and scattering in support of MCM and ASW needs.
(1) Guided by experimental results, the approach has been to extend the Biot-Stoll model to include the physics of the sand grains, particularly the stiffness of the grain-grain contact and their random variations, squirt flow in the contact region, and the change of pore fluid viscosity as a function of contact width. These extensions are needed because fluid, elastic and the BiotStoll poro-elastic models are unable to account for the observed frequency dependence of wave speeds, attenuations and reflection loss, found in at-sea experiments since the 1980s, particularly the ONR sponsored experiments SAX99, ASIAEX, SAX04, and SW06 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . From direct measurements and inversions, it was found that attenuation increases approximately as the second power of the frequency, at frequencies below a few kiloHertz. At higher frequencies, the rate of increase is lower but variable. The Biot-Stoll poro-elastic model goes part of the way toward explaining the measurements but it cannot match the magnitude of the wave speed dispersion and high frequency attenuation trends. In this period, the emphasis is on validation throught comparison with measurements, particularly where both shear and compressional wave properties measurements were made concurrently. Partial support for a graduate student is included to develop finite element modules for poroelastic media.
(2) The approach is to develop model(s) that can represent a broad range of sediments, and smoothly transition from one type of sediment into another. This is necessary because it has been observed that ocean sediments are often inhomogeneous, paticularly in the context of high frequency acoustics. The patchy seabed concept needs to be properly developed and explored in order to assess its impact on acoustic propagation and reverberation models. Practically, all underwater sediments are porous and water-permeable, therefore compatible with poro-elastic models. Although much effort has been devoted to the modeling of the sandy sediments, there are other sediments, particularly softer sediments, in which the attenuation is proportional to the first power of frequency. The approach is to understand the physical processes in a wide range of sediment types and contruct a model that is able to accommodate them. For example, the model must be able to accommodate the frequency dependencies of the attenuation and sound speed in sandy and muddy sediments, and be capable of smoothly transitioning from one to the other, through the adjustment of a few parameters. In this reporting period, special emphasis is placed on fine-grained muddy sediments.
(3) The new model(s) are proven by comparison with archived measurements, and new measurements from at-sea experiments. The preferred approach is to isolate the bottom reflected signals and measure bottom loss, and then to use the measured bottom loss as a function of frequency and angle to invert for sediment properties. This approach allows more than one bottom model to be tested, and is less likely to be biased. In this endeavor, archival data from the SAX99, SAX04 and SW06 experiments, and new data from the Noble Mariner 12 Sea trials and the Target and Reverberation Experiment of 2013 (TREXI3) were aggregated for model validation purposes.
WORK COMPLETED
The work completed is as follows:
(1) The extended Biot (EB) model was compared to the existing shear wave measurements in the published literature. This resulted in a JASA paper in which good agreement was achieved with a wide range of published measurements. It was also instructive to compare with competing models to see where the differences lie. Although shear waves are often too slow to be efficiently coupled to compressional waves in ocean sediments, and thereofore viewed as less important in sonar applications, they are valuable in testing the validity of competing models. Model-data comparisons made using published concurrent measurements of shear and compressional wave properties are very instructive.
Under this task, a graduate student, Anthony Bonomo, was funded to work with COMSOL to develop a poroelastic module for the analysis of sound propagation using finite elements.
(2) Work continued in the expansion of the EB model to cover a wide range of sediment types. The emphasis in this period was on mud sediments. In general, they have low porosity, permeability and frame moduli. The formulation of the Biot equations needs to be such that low or zero values in any of these parameters do not cause a singularity. A set of tentative parameters were arrived at to represent muddy sediments. Variability of the sediment continues to be an issue and data previously provided by the Naval Oceanographic Office were examined in an effort to quantify the variability as a function of frequency.
(3) The main experimental component was the analysis of the data collected in the TREX13 experiment off Panama City, FL, in 2013. The equipment included a laser bottom profiler and acoustic reflection loss measurement instrument deployed on a remotely operated vehicle (ROV). In addition, there was also a collaboration with the Acoustics Research Laboratory of the National University of Singapore (ARL-NUS) to tow a thin-line array for sediment characterization purposes.
RESULTS
The results may be summarized as follows:
(1) The published measurements of wave attenuation and speed in water-saturated sand and glass beads were employed as a way to test and compare acoustic models. Although shear waves are often ignored in many applications of sediment acoustic models, they contain valuable properties that can shed light on the physical processes within. Some dry and water-saturated materials are known to follow a constant-Q model, in which the attenuation, expressed as Q -1 , is independent of frequency. The associated loss mechanism is thought to lie within the solid material. This model has been associated with seismic wave propagation in essentially dry soil. A second loss mechanism in fluid-saturated porous materials is the viscous loss due to relative motion between pore fluid and solid frame predicted by the Biot-Stoll model. It contains a relaxation process that makes the Q -1 change with frequency, reaching a peak at the characteristic frequency. Examination of the published measurements above 1 kHz, particularly those of Brunson 1983 [12] , shows yet another peak, which is explained in terms of a relaxation process associated with the "squirt flow" at the grain-grain contact. In the process of deriving a model for this phenomenon, it was necessary to consider the micro-fluidic effects associated with the flow within a thin film of water confined in the gap at the grain-grain contact, and the resulting increase in the effective viscosity of water. The result is an extended Biot (EB) model that is applicable over a broad band of frequencies for both shear and compressional waves. The fitting of the EB model to the measurements of Brunson is shown in Fig. 1 . All the measureable Biot parameters were from Brunson's dissertation [12] . The values of low frequency frame bulk moduls K y and its relaxation frequency f k were adjusted to fit the measured attenuation. Other models, including the Biot-Stoll [2] and grain shear models, were unable to be adjusted to fit the data, because they lacked the physical mechanisms that would allow them to follow the trend in the measured data. The mechanism in question is squirt flow at the grain-grain contact. It is the process by which a thin film of pore fluid is expelled from the grain-grain contact in the high pressure part of the acoustic cycle, and pulled back in at low pressure. It modulates the stiffness of the grain-grain contact, which controls the frame bulk and shear moduli aggregately. It also contains a loss mechanism in the viscous loss that is incurred when fluid is expelled and pulled back. In summary, there are three identifiable loss mechanisms in this data set: the constant-Q loss mechanism within the solid material or solid part of the grain-grain contact, the viscous loss due to relative motion of the pore fluid and the skeletal frame of the Biot-Stoll model, and the viscous losses due to squirt flow. The last two involve viscous losses but they are very different in character. The Biot viscous loss is governed by the viscosity of the fluid and permeability of the skeletal frame. The squirt flow viscous loss, it was deduced, is governed by a much higher viscosity, that is only found in thin water films, typically a few nanometers in thickness. In the normal flow of water, weak hydrogen-hydrogen bonds are continually made and broken as molecules slide by one another. In thin films, which are only a few molecules wide, the flow is constricted by the electrostatic forces between molecules and the surrounding solid material, which impedes free movement. The increase in viscosity is a microfluidic property, and it is an integral part of the squirt flow process.
The EB model was shown to fit concurrent measurements of shear and compressional wave speeds and attenuation published in the literature, including those by Bell [13] and Prasad [14] , and the SAX99 measurements [1] , as shown in the figures below. The comparison with the viscous grain shearing (VGS(λ)) [15] is an interesting one, because both models can be fitted to the measured data points from SAX99 but their behavior beyond the measured regions is quite different. A more difficult test of the VGS(λ) model is the comparison with Brunson's measurements, where the Q -1 value initially rises with frequency, peak and then decay. The VGS(λ) model is constrained to start at an asymptotic Q -1 value of 2 in the low frequency limit, and may be adjusted to fit the downward sloping part of the measured curve by the adjustment of the parameters n and τ s , but it is quite unable to fit the rising part. This limitation is structural to the VGS(λ) model and cannot be overcome by any parameter adjustment. Working with COMSOL and under the joint supervision of Marcia Isakson, Anthony Bonomo, a graduate student, developed a finite element (FE) module to study the scattering of underwater sound from rough poroelastic surfaces. A number of cases were studied and compared with existing models, including the small perturbation and the Kirchhoff approximations. A comparison of monostatic scattering strengths is shown below. The work is ongoing but it is evident that the results are in agreement with existing models at small roughnesses (kh<1), where they are expected to be valid. The FE model is expected to be valid for large roughnesses and some differences are evident in the results but the reasons for the differences are unclear at this point and more investigations are in order to fully test the new model. (2) The application of the EB model to cover a wide variety of sediment types was continued with emphasis on muddy, fine grained sediments, in preparation for the Sediment Characterization experiment, which will have a significant muddy sediment component. A starting point is the set of model parameters that were developed to match the sediment types within the APL-UW model sediments known as HFEVA. The sound speed, attenuation and normal reflection loss curves as a function of frequency are shown in Fig. 6 . The fine-grained sediments are the green curves with grain diameters in the 5 to 9 φ range. The normal reflection loss is uniformly low and it would be very difficult to distinguish one grain size from another within this group. They have sound speeds that are slightly lower than water, due to the increased density but relatively unchanged bulk modulus relative to water. The attenuation is known to increase linearly with frequency, and the model is able to accommodate this trend within a limited frequency range from 3 to 1000 kHz. Measurements or inversions below this frequency band are rather sketchy because of the extremely low attenuation. One of the key components, that permits the EB model to approximately match the linear frequency dependence of attenuation, is the Yamamoto and Turgut [16] model for a range of pore sizes, which is assumed to be log-normal and can span several orders of magnitude. There is some physical evidence to support it. In the study of fine grained sediments from Eckernförde Bay, Bennett et al. [16] showed several transmission electron microscope (TEM) images that indicated a "heterogeneity of packing of particles and resulting distribution of pore diameters". The Yamamoto and Turgut model provides a direct connection between the distribution of pore sizes and the approximately linear dependence of attenuation on frequency. Analysis of the acoustic reflection data has shown the bottom to be patchy particularly in the areas designated as transition zones. These are regions that appeared to have a lower and more variable scattering strength when viewed through a 200 kHz multibeam sonar survey map. These zones were explored using the laser profiler and acoustic reflection measurement system on board the ARL:UT ROV. An example of the ROV track over transition zone 4 is shown below. The precision positioning was achieved with the aid of a Tracklink 1500 USB navigation transponder, linked to the ship's GPS positioning system. The normal reflection loss shows rapid changes as a function of position. The example in Fig.  10 shows the variations as a function of time. Since the ROV was moving at a speed of approximately 0.5 m/s, it is evident that the reflection loss was changing on the scale of a few meters. For example, the distance between the minimum in reflection loss at 45.5 minutes to the maximum at 45.9 minutes is approximately 10 m. There appears to be a layer under the maximum with a pinch off at approximately 45.6 minutes. It is likely that the maximum is due to a patch of sand, and the areas with lower reflection are muddy fine-grained sediments. 
IMPACT/APPLICATIONS
The results will impact Navy underwater acoustic propagation models, particularly where reflection and penetration of sound at the seabed are concerned. It will also impact the future structure of oceanographic databases maintained by Navy offices, including the Naval Oceanographic Office (NAVO). Predictions of sediment wave speeds and attenuations will need to be revised. In addition, the spatial variability of sediment properties will impact the accuracy of sonar performance models.
TRANSITIONS
Work on sediment variability is being transitioned to the active sonar trainers via the High-Fidelity Active Sonar Training (HiFAST) project and to future projects to improve the HFBL database. Some aspects of the ocean sediment model, particularly the frequency dependence of sediment attenuation, have been used in the Ocean Bottom Characterization Initiative (OBCI) project. This work will be used in the new project titled "Seafloor Spatial Variability Mitigation" funded by SPAWAR, for the benefit of NAVO.
RELATED PROJECTS
This project is closely related to most projects under the ONR Underwater Acoustics: High Frequency Sediment Acoustics and Shallow Water Thrusts, especially through the TREX13 experiment (www.trex13.info).
